The closest analog to propagated excitation of the heart is an electromotive surface. The width of the cardiac electromotive surface was 0.9 ± 0 . 1 mm and was remarkably constant. The mean epicardial surface component of voltage across the electromotive surface was 62.4 ± 7.2 mv with the chest closed and 74.1 ± 8.3 mv with the chest open. This 18.7^ increase is significant (P < .001) and suggests a shunting effect of the lungs and thorax. Fortuitous measurement of voltage across the electromotive surface yielded nine values in excess of 80 mv and two above 90 mv, suggesting that the true voltage across the electromotive surface is of about the same magnitude as the transmembrane action potential. Cross-fiber activation resulted in a 29.5% reduction in voltage, a 51.8!? reduction in conduction velocity and notched QRS complexes.
• The QRS complex of the electrocardiogram must ultimately arise from voltages produced by excitation of single cardiac fibers; however, studies done by Craib and Canfield (1) and Wilson (2) over 40 years ago make it clear that the QRS complex on such records arises primarily from the spread of excitation through muscle fibers in the ventricles.
The voltage across the cell membrane varies from -90 mv during the resting state to a maximum of +30 mv during activation, so that the membrane action potential has a height of from 100 to 120 mv. An electrical field measurable by placing electrodes outside this cell is produced during the rising phase of the action potential and during recovery. The production of this electrical field corresponds to the times when the cell is nonuniformly polarized. During the resting phase when the cell membrane is uniformly polarized, no voltage is detected between two electrodes in close proximity to the cell membrane. This is explained since the resting cell exists in a stable ionic equilibrium with no net current flow in or out of the cell, and therefore no voltage is measurable between pairs of electrodes located inside or outside the cell despite the presence of a large voltage across the membrane.
When excitation is propagated from cell to cell through a syncytium, the geometry of cells excited is probably such that they define a boundary more than one cell thick. Durrer (3) has shown that this boundary is sharply defined, and with the knowledge that the time required for excitation of the cell is from 1 to 3 Circulation Rtutrcb, Vol. XXVI, April 1970
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VANDER ARK, REYNOLDS msec, this favors the concept that the propagated wave of excitation is an electromotive surface i.e., a thin layer having a potential difference with its positive side facing resting tissue and its negative side facing active tissue. A single element of this surface produces an electric field equivalent to that produced by a dipole consisting of a point source and sink of current close to one another and of equal size. The resting cell thus corresponds to a closed electromotive surface, which, since it has no external electrical field, must have a uniform voltage of each surface element.
Analysis of voltage produced by single cells may not describe the electrical fields produced by activation of numerous fibers acting in aggregate. Since it is possible for the voltage across a propagated wave to be reduced by internal cancellation, the result of activation proceeding in opposite directions in different fibers within the sharp boundaries of the electromotive surface or the voltage may be reduced by flow of current through holes between the fibers. To answer such questions it is necessary to consider the propagated wave as a functional unit of electromotive surface and to study its properties independent of the properties of single fibers which make it up.
Normal activation is usually an open electromotive surface, but useful information is obtained by artificially producing premature beats within the myocardium which temporarily are closed electromotive surfaces until propagated to the cardiac surface.
In theory, a closed electromotive surface and an open one that is insulated at its boundaries has no internal or external electrical field; i.e., no potential difference is measurable between two electrodes placed on the same side of the electromotive surface, provided it has a uniform voltage. This is true whether the media are homogeneous or nonhomogeneous, isotropic or anisotropic, since in the circumstance of a uniform voltage, no current will flow in or out of a closed or insulated open electromotive surface. This provides a convenient method for showing that the voltage across a propagated electromotive surface is uniform.
Assuming for the moment that a propagated electromotive surface has a uniform voltage and thus has no important holes or other discontinuities, it should be possible with properly spaced and oriented bipolar electrodes to record a voltage across this electromotive surface that is close to the transmembrane potential of approximately 100 mv known to exist across single cells. Attempts in the past to record propagated electromotive surfaces have not been very successful. In early studies, Durrer and associates (3) found them to be 15 mv and in later work 20 to 25 mv (4, 5) . Scher and associates (6) found larger voltages of 25 to 60 mv across a propagated electromotive surface. The authors believe that two factors may explain the highly variable and low voltages reported in the past. The first is the distances between electrodes employed and of even greater importance is their orientation with respect to the direction the EMS is moving. The latter involves the concept of the lead field introduced by McFee and Johnston (7) . To record maximal voltage across a propagated electromotive surface, the lead field of the bipolar lead must be parallel to the direction of movement of the electromotive surface. If the bipolar electrodes are too close together, i.e., less than the width of the electromotive surface, they will not record the full voltage existing between the sources and sinks of the electromotive surface.
The studies reported in this paper were done to measure the maximal voltage across an electromotive surface on the cardiac surface with the matters outlined above in mind. To do this, it was necessary first to measure the width of the electromotive surface of normal and stimulated beats and to study the field produced by closed and open electromotive surfaces as an indication of the uniformity of voltage across the electromotive surface. All of these measurements were done with the electrodes described below.
Methods

Twenty-two adult mongrel dogs, anesthetized
CircuUiion Rtsetrcb, Vol. XXVI, April 1970 with either pentobarbital (30 mg/kg) or Dialurethane (0.6 ml/kg), were used. Tracheal cannulas were inserted and adequate pulmonary ventilation was maintained by a Phipps and Bird respirator, after which the thorax was opened in all of the animals. All records were taken using high impedance (10 megohm) probes for each input of the differential amplifiers of a Tektronix 502 dual-beam oscilloscope, equipped with a C-12 Polaroid camera. A 1 megohm resistance was placed, at frequent intervals, across the input leads from the electrodes in direct contact with heart muscle to be sure that the input impedance of the amplifiers employed was high compared with the contact resistances of the special electrodes used. This resulted in an acceptable voltage decrease of less than 2% in the recorded tracing.
One of several electrodes used to measure the width of the electromotive surfaces is shown in Figure 1 (top). This is a piece of plastic containing 10 electrodes made of silver foil, 0.0015 mm thick, arranged in a parallel row and separated by insulating material so adjacent pieces of foil are 0.24 mm apart. Two additional recording electrodes, about 1 mm apart, are located to the right of the foil electrodes and the entire group of recording electrodes are numbered from 1 to 12, starting from the foil electrode near the middle of the plastic sheet and passing from left to right. Electrodes 11 and 12 were used to orient the foil electrodes so that the electromotive surface, occurring with normal excitation, passed along the axis of the 12 recording electrodes. Before the electrode was sewed to the surface of the ventricle, it was carefully positioned to give deflections of maximal size in the electrogram obtained from electrodes 11 and 12. The width of the electromotive surface would not have been measured accurately if this had not been done. The pair of electrodes at the left side of the plastic sheet were used to stimulate the ventricle electrically when the width of the excitation wave so generated, rather than that of the normally propagated electromotive surface, was measured.
The width of the electromotive surface was estimated in the following manner. Using electrode 1 as the reference electrode, a series of tracings was taken with progressively decreasing interelectrode distances, that is, records were taken from electrodes 1 and 10, 1 and 9, 1 and 8, etc., until the interelectrode distance was equal to the width of the electromotive surface. This was recognized in two ways. First, the duration of the entire complex decreased and the flat top or plateau of the upward deflection disappeared, and as the interelectrode distance became less than the width of the electromotive surface, the size of the upward deflection decreased abruptly. The width of the electromotive surface was measured when excitation was across, as well as parallel to, the direction of muscle fibers and with the chest closed, as well as when it was open and the heart exposed.
The electrode assembly used to measure the voltage across the electromotive surfaces is illustrated in Figure 1 (bottom). It was made of a special acrylic insulating material and the face was slightly concave so it would fit snugly on the surface of the right or left ventricle. The electodes made of silver wires, with diameters of about 0.5 mm, were arranged in two concentric circles with diameters of 4 and 12 mm as shown. The electrodes in the inner circle were numbered from 1 to 12 in sequence and ones diametrically opposite (1-7, 2-8, 3-9, 4-10, etc.) were used as bipolar recording leads. The orientation of these bipolar leads with respect to the direction of movement of an electromotive surface could thus be altered either by selecting different pairs of electrodes or by changing the position of the entire electrode assembly.
The electrodes in the outer circle were similarly numbered and were used as unipolar stimulating electrodes when electrically induced, rather than normally propagated, electromotive surfaces were under study.
All electrically induced beats were produced by a Grass P-8 stimulator that delivered square-wave pulses of 2-msec duration, just above threshold in strength, and at a rate just fast enough to pace the ventricles.
Voltages across electromotive surfaces were measured when excitation was across, as well as parallel to, the direction of muscle fibers and with the chest closed after studies with the heart exposed had been completed. Microscopic sections to determine the direction of muscle fibers of the epicardial sites where measurements of the voltage across electromotive surfaces were made showed, in all instances, that the largest voltages were recorded when the electrodes were oriented parallel to the direction of the muscle fibers (see Results).
Closed electromotive surfaces were produced by electrical stimuli applied to two electrodes about 0.5 mm apart, mounted on a stab electrode, and located about midway between the epicardial and endocardial surfaces of the ventricles. The electrical field resulting was studied by a transmural lead (electrodes on or close to the endocardium and the epicardium) and an intramural lead with electrodes about 1 cm apart. Both of these leads were arranged concentrically about the stimulating electrodes and at right angles to each other. These studies of closed electromotive surfaces were done for two reasons. The first was to confirm and extend earlier observations by Reynolds and Weller (8) on closed electromotive surfaces produced by mechanical stimuli within the ventricular muscle. And second, if no potential differences are recorded between two electrodes outside (or inside) a closed electromotive surface, all elements of the surface must be essentially equal in voltage, and diis has important bearing on the present study. Figure 2 illustrates the type of records obtained in one experiment to estimate the width of the electromotive surface. It will be seen that as the distance between the recording electrodes was decreased from 6.5 mm to 1.0 mm, the plateau on the top of the upward deflection disappeared with no decrease in its magnitude, but when the interelectrode distance was 0.8 mm, the deflection was definitely smaller. Many studies of this land were done on both right and left 
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ventricles of dogs, with excitation across and parallel to the direction of muscle fibers and with the heart exposed and with the chest closed. The electrode was oriented parallel to the direction in which the electromotive surface was moving as determined by the recording of "square wave" electrograms of maximal size. When this was properly done, the width of the surface was usually from 0.8 to 1.0 mm. This was true with normally propagated excitation, with excitation produced by electrical stimuli parallel to or across the direction of muscle fibers and with the chest open or closed. Figure 3 illustrates the results of measurements of the width of the electromotive surface in 11 dogs and shows that there was a decrease in size of the major deflection of the electrogram of about 20% when the interelectrode distance was decreased from 1 mm to 0.8 mm. The plateau of the R wave disappeared when the interelectrode separation was 0.9 ± 0.1 mm (SD), and so we believe the width of the electromotive surface is very close to this value.
Using an electrode of the kind shown in Figure 1 (bottom), voltages across electromotive surfaces were measured on the epicardial surfaces of both right and left ventricles in 15 dogs. The results of these studies are summarized in Table 1 , where the mean peak voltages with their standard deviations from each experiment are given. It will be seen that
Interelectrode distance (mm)
FIGURE 3
The there are no significant differences between voltages measured with normally propagated beats or electrically induced electromotive surfaces and that similar voltages were recorded from right and left ventricles. It will be observed, however, that lower voltages were always obtained when the chest was closed. The mean voltage measured in 85 observations with the chest closed was 62.4 ± 7.2 mv and in 68 studies with the heart exposed the mean voltage was 74.1 ± 8.3 mv. The increase of 18.7? between these means is significant Figure 4 is a typical record obtained from the surface of the left ventricle when the electromotive surface was electrically induced. Following the stimulus artifact, a small downward deflection due to the approach of the electromotive surface to the bipolar electrode is seen. This is followed by the tall
FIGURE 4
The potential difference recorded across a propagated electromotive surface on the surface of the left ventricle using electrode shown in Figure 1 (bottom) . Recording electrodes were 11-5 on the inner circle with the stimulus applied at point 6 on the outer circle.
upstroke recorded when the electromotive surface was passing between the two electrodes, and a final small downward deflection as the electromotive surface passed beyond the electrodes. The large voltage of 92.3 mv recorded in this experiment was probably due to fortunate placement of the electrode so that the criteria for obtaining the maximal voltage across an electromotive surface were well satisfied. These criteria have been discussed earlier in this paper, but in this experiment the critical factor would be the spatial alignment of the recording electrodes along the direction approximately perpendicular to the electromotive surface.
It was pointed out above ( Table 1 ) that the voltages recorded across electromotive surfaces were significantly smaller when the animal's chest was closed and the lungs in contact with the heart than when the chest was open and the heart exposed to the air. These differences are illustrated in Figure 5 . The records on the left were taken with the chests closed and then, without altering the positions of the electrodes, the chests were opened and the tracings shown on the right were obtained. It will be noted that the latter show less definite initial and final negative deflections as well as upward waves of greater voltages. The reasons for these differences will be presented briefly in the discussion below. Figure 6 illustrates differences in records obtained when excitation was across, rather than parallel to, the direction of muscle fibers.
All of these tracings were taken with an electrode of the type shown in Figure 1 (bottom). The tracings on the left show the voltages recorded across electromotive surfaces produced by normally conducted beats, and here it was believed that the line 
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established by electrodes 4 and 10 was approximately parallel to the direction of underlying muscle fibers (diagram at bottom of the left hand column). After their direction had been determined in this way, unipolar stimuli were applied to electrode 7 in the outer ring of electrodes and these stimuli caused excitation of muscle fibers at nearly right angles to their course. Voltages obtained with this cross-fiber stimulation from the various pairs of electrodes employed are shown in the right-hand column, and the diagram below these records shows the relations between the electromotive surface and the electrodes. Stimulation at outer electrode 7 must have also caused excitation along the direction of muscle fibers in its vicinity, but that cross-fiber excitation also occurred is made clear by the smaller and broader deflections recorded and especially the reversal of the major deflections as the different pairs of electrodes (Fig. 6, right) were employed. In experiments of this kind on seven dogs, the mean voltages recorded with cross-fiber stimulation was 29.5!? less than with stimulation parallel to the course of the fibers. The broad deflections found with cross-fiber excitation indicate that velocity of conduction is considerably slower, and in the seven dogs studied the average velocity was 51.8$ less than with conduction along the course of the fibers. These findings, as well as the notching of the complexes always found with cross-fiber excitation, are of considerable interest and will be referred to again in the discussion. Figure 7 illustrates records obtained with closed electromotive surfaces in one of 54 similar studies in 12 dogs. The lower tracing in both parts of the figure was obtained from two closely paired electrodes (1 mm apart) located on the epicardial surface, and the small deflections indicate the time of arrival at the epicardial surface of the electromotive surface generated within the wall of the ventricle (by stimuli from electrodes on the stab electrode). Similar closely paired electrodes were in place at the endocardia! surfaces of the ventricles in these experiments, but in those illustrated in Figure 7 , the electromotive surface reached the epicardial surface before it arrived at the endocardia! surface, and the record obtained from the endocardial electrode is not shown. The stimulus artifact indicating the time the closed electromotive surface was initiated within the ventricular wall is seen clearly in transmural and intramural leads (Fig. 7, top) . It will be noted that no deflection occurred in either the transmural or intramural lead until the electromotive surface had arrived at the epicardial surface and was no longer a closed electromotive surface. This emphasizes again that two electrodes, both outside a closed electromotive surface, show no difference in potential, and this strongly suggests that the voltage across all parts of the electromotive surface must be A question could be raised whether a closed electromotive surface was actually present in these studies, since the isoelectric period between the stimulus artifacts and the onset of deflections in the tracings in Figure 7 might be ascribed to a long latent period between the stimulus and beginning of excitation in muscle near the stimulating electrodes. The existence of a closed electromotive surface was easily demonstrated, however, by placing an additional electrode close to the stimulating electrodes and taking a bipolar lead between this electrode and the one on the epicardial surface. When this was done, a deflection immediately after the stimulus artifact was recorded, as would be expected when one electrode was inside and the other outside of the electromotive surface.
Discussion
The width of the electromotive surface found in our studies (0.9 ±0.1 mm) is in agreement with the results of Durrer (3). As mentioned above, the width of the excitation wave was estimated during normal excitation, excitation produced by an electrical stimulus parallel to or across the direction of muscle fibers, with the chests open or closed, and with the special electrode on the surface of both right and left ventricles. In all of these studies, the width of the electromotive surface was the same, suggesting that this feature of excitation is a fundamental property of activation of heart muscle.
We believe that the most important finding in our study was the registration of voltages across electromotive surfaces closely approaching those known to exist across the membranes of single heart muscle cells. We were able to record voltages of over 90 mv on only six occasions but, for reasons outlined above, think that the true voltage across an electromotive surface passing in the direction of muscle fibers must have the large magnitude mentioned. Another factor, in addition to proper separation of the recording electrodes and their orientation with respect to direction of muscle fibers on the epicardial surface, may make it difficult to record the true voltage across excitation waves. We know that during normal excitation of the ventricles, the direction of its spread is primarily outward from the endocardium toward the epicardial surface. This makes it likely that, over much of the epicardium, a bipolar electrode on its surface could not be oriented parallel to the direction in which the electromotive surface is moving and the voltage recorded would be less than is actually present. If this situation is true, why is it possible to occasionally obtain records with voltages over 90 mv? We cannot answer this question with certainty, but suspect that on some parts of the ventricles excitation occurs in muscle fibers oriented parallel to the epicardial surface, so that the spatial orientation of the electromotive surface and the epicardial lead axis allows recording of very near the true voltage across the electromotive surface.
Records of the kind shown in Figure 6 (right) indicate that, by appropriate electrical stimulation, excitation across the direction of muscle fibers will occur. We do not know whether such conduction occurs in the normal heart or how far it will spread in a cross-fiber direction after such excitation has been initiated. The broad deflections obtained (Fig.  6, right) indicate that conduction is slower under these circumstances, and the notching always found in these records suggests that the direction of excitation is frequently changing, possibly because of structural characteristics of the myocardium that allow crossfiber excitation to occur but not for any great distance in the same direction. We suspect that when hearts are normal and normal intraventricular conduction is present, excitation occurs primarily in the direction in which muscle fibers are oriented but suggest that when the Purkinje network is interrupted, cross-fiber conduction may occur. For example, most infarcts are larger on the endocardial than on the epicardial surface and cross-fiber excitation probably occurs so that living muscle on the epicardial surface may be excited. The small notched QRS complexes commonly seen in patients with extensive coronary artery disease and with myocardial lesions of different types may be due, in part at least, to cross-fiber excitation.
Closed electromotive surfaces, as described above, are mostly of theoretic interest since they probably do not occur except transiently during excitation of normal or abnormal hearts. It is possible that in areas of ventricular muscle where Purkinje fibers penetrate the myocardium, excitation leading to a closed electromotive surface might arise. Since such excitation would cause no deflections in any available leads, its existence would not be suspected. Nevertheless, if this possibility is kept in mind, it might help in the interpretation of some complicated ventricular arrhythmias. As mentioned in Results, the fact that pairs of electrodes outside a closed electromotive surface show no potential difference until the closed electromotive surface arrives at the epicardial (or endocardial) surface and becomes an open electromotive surface must mean that the voltage across all parts of the closed electromotive surface is the same. This suggests that a uniform voltage exists across all propagated electromotive surfaces.
The triphasic complexes recorded as the electromotive surface approaches and passes over a bipolar recording electrode are characteristic of a dipole field in a conducting medium. Since the negative components of these complexes were reduced or eliminated by exposing the heart to air, this is evidence that these negative deflections are caused by an extracardiac current path allowing the flow of current around the electromotive surface boundary. The increase in overall voltage (positive deflection) noted by opening the chest is attributed to the elimination of the shunting effect of this same extracardiac current path. Thus it would not be necessary to postulate that the aforementioned negative deflections represent holes or nonuniform polarization of the electromotive surface.
